Aims: The Algerian coastline is exposed to several types of pollution, including hydrocarbons. The aim of this work was to isolate oil-degrading bacteria and to explore the intrinsic bioremediation potential of part of its contaminated harbour. Methods and results: A collection of 119 strains, capable to grow on mineral medium supplemented with hydrocarbons, were obtained from polluted sediment and seawater collected from Sidi Fredj harbour (Algiers). Twentythree strains were selected for further studies. Sequencing of the 16S rRNA gene showed that most isolates belong to genera of hydrocarbonoclastic bacteria (Alcanivorax), generalist hydrocarbons degraders (Marinobacter, Pseudomonas, Gordonia, Halomonas, Erythrobacter and Brevibacterium) and other bacteria not known as hydrocarbon degraders (Xanthomarina) but were able to degrade hydrocarbons. Strains related to Marinobacter and Alcanivorax were frequently isolated from our samples and resulted the most effective in degrading crude oil. Screening of catabolic genes alkB and xylA revealed the presence of alkB gene in several bacterial strains; one isolate harboured both catabolic genes while other isolates carried none of the studied genes. However, they grew in the presence of crude oil implying the existence of other biodegradation pathways. Conclusions: The samples of seawater and sediment from the Algerian coast contain high level of hydrocarbon-degrading bacteria that could be interesting and useful for future bioremediation purposes. Significance and Impact of the Study: This investigation demonstrates the diversity of hydrocarbon-degrading bacteria from a marine-contaminated area in Algeria, and their variable biodegradation abilities
Introduction
Oceans and seas cover almost three-quarters of our planet and are home to a wide variety of marine animals, plants and micro-organisms. Over the last few decades, with the increase of human population and human activities, the coastal zones and marine ecosystems are under great stress and have become highly vulnerable to pollution. The attention has been focused on the marine environment since it is considered as the final and largest receptor of human pollution particularly petroleum hydrocarbons considered as a vital energy resource used by industries and in our daily life, at the same time petroleum is the most widespread contaminant in the marine environment . About 2Á37 million tons of oil are introduced into the seas every year (GESAMP 1993) . Petroleum hydrocarbons come to the environment from a variety of sources, both natural and anthropogenic: terrestrial and freshwater run-off, crude oil spills, refuse from coastal oil refineries, offshore oil production, shipping activities, and accidental spillage of fuels and other petroleum products all contribute to marine pollution (Yakimov et al. 1998) . Crude oil can be classified into four main operationally defined groups of chemicals: the saturated hydrocarbons and the aromatic hydrocarbons, and the more polar, non-hydrocarbon components the resins and the asphaltenes. Many of these constituents are difficult to degrade and highly toxic due to presence of hemotoxic, carcinogenic and teratogenic components and cause severe environmental damages that may directly or indirectly affect human health and ecological systems (Chandra et al. 2013) . Several approaches including physical, chemical and biological strategies have been developed and used to remove hydrocarbons from polluted sites. Mechanical and chemical methods have been shown to be expensive and alter the natural ecosystem by generating more toxic products and an incomplete removal of these pollutants. For this reason, an increasing attention has been directed towards the research of new strategies and environmental-friendly technologies to be applied for the remediation of contaminated sites by hydrocarbons. Bioremediation technology uses micro-organisms to degrade toxic pollutants to harmless products such as CO 2 and H 2 O, and other inorganic compounds and these processes are environmentally safe and cost-efficient (Fathepure 2014) . In general, bioremediation is based on in situ stimulation of the microbial communities (biostimulation) or amending the microbial community with an inoculum of hydrocarbondegrading bacteria (bioaugmentation) (Catania et al. 2015) .
Biodegradation by natural populations of micro-organisms is the most reliable mechanism by which thousands of xenobiotic pollutants, including crude oil, are eliminated from the environment (Cappello et al. 2007) . Diverse petroleum-degrading bacteria such as Alcanivorax (Yakimov et al. 1998) , Cycloclasticus (Dyksterhouse et al. 1995) , Marinobacter (Gauthier et al. 1992) , Neptunomonas (Hedlund et al. 1999) , Oleiphilus (Golyshin et al. 2002) and Oleispira (Yakimov et al. 2003) have been isolated from marine environments and have been shown to play a key role in the removal of hydrocarbons from polluted environments . Pollution by petroleum hydrocarbons stimulates the growth of such organisms and causes changes in the structure of microbial communities in the contaminated area . The proportions of hydrocarbon-degrading bacterial populations in hydrocarbon-contaminated marine environments often exceed 10% of the total bacterial population (Atlas 1981) . These bacteria have the property of emulsifying hydrocarbons in solution by producing surface-active agents such as biosurfactants that increase the adhesion of cells to the substrate and reduce interfacial tension between the aqueous and the organic phases which leads to increased bioavailability and subsequent biodegradation of the hydrocarbons (Batista et al. 2006) . Microbial degradation of crude oil often occurs first by the attack of alkanes, which are major components of crude oil. Alkane hydroxylase is a key enzyme involved in alkane degradation in Gram-negative and Gram-positive bacteria (Quatrini et al. 2008) . This enzyme introduces an oxygen atom derived from molecular oxygen into the alkane substrate and plays an important role in crude oil bioremediation (Van Beilen et al. 2003) .
There have been many studies about the microbial communities participating in the degradation of pollutants in the Mediterranean Sea especially in the northern side of the basin. The southern side remains poorly studied, despite many of the southern countries being major oil producers and exporters (Daffonchio et al. 2013) . As one of the top three oil producers in Africa and with a coastline of 1622 km along the Mediterranean south shore, Algeria is a major stakeholder in the oil pollution in the Western Basin of the Mediterranean Sea. In 2015, the country produced about 1Á7 million barrels per day of total petroleum products. More than 75% of this production was exported by sea. In terms of gross input of organic matter, hydrocarbons pollution has been mentioned as one of the primary environmental problems along the Algerian coast (Benmecheta and Belkhir 2016) .
The present work aims to provide knowledge about indigenous bacterial strains involved in the bioremediation of hydrocarbons. It is indeed the native microflora that determines the self-purification capacities of the site in the absence of any physico-chemical limitation. The aim was to isolate and characterize hydrocarbon-degrading bacteria from an oil-polluted harbour in the central part of Algeria (Sidi Fredj). The main characteristics investigated were: (i) the ability to grow in the presence of different hydrocarbons, (ii) the biosurfactants production, (iii) the oil fractions degradation and (iv) the presence of catabolic genes involved in aliphatic and aromatic hydrocarbons degradation
Materials and methods

Study area and samples collection
Sidi Fredj is a marina built in 1970 located along the west coast of Algiers (Centre Algeria, south Mediterranean sea,
36°45
0 51″N, 2°50 0 38″E) in the western part of Djamila Bay. This port is characterized by the presence of small fishing boats throughout the year, which use hydrocarbons as fuel and cause pollution from careening operations (painting, gasoline, detergent). Sediment and seawater samples were collected aseptically in March 2016 from Sidi Fredj harbour. About 1 litter of seawater was collected from five different stations (Fig. 1) , in sterile containers from~30 cm below the top layer of the surface; sediment samples were also collected from the same stations using a Van Veen grab sampler (Duncan and Associates Kahl Scientific Instrument Corporation, KC Denmark). After collection, samples were immediately transported to the laboratory in a cool box (4-8°C). Once in the laboratory, samples were either used as inoculum for enrichment culture in mineral medium supplemented with hydrocarbons or were stored at À20°C for further analysis.
Physico-chemical parameters
Measurement of temperature, salinity and pH was performed in situ using a multiparameter probe (Multiline F/SET W.T.W Wissenschaftlich, Technishe, Werstatten). Chemical Oxygen Demand (COD) was measured using LCK test kits (LCK 1014, HACH Lange SRL, Lennate, Italy) following the manufacturer's instructions and the analysis was done spectrophotometrically using a HACH LANGE DR 3900 spectrophotometer (HACH Lange SRL Lennate, Italy).
Toxicity assay Microtox
Toxicity analysis of sediment samples was carried out using the Microtox bioluminescence assay based on the activity of the luminescent bacterium Vibrio fisheri. Sediment samples were suspended in sterile artificial seawater (1 : 4; w/v). After sonication (30 min) and vigorous agitation (200 g for 24 h), the aqueous phase was separated from the sediment by successive filtrations and was used as a matrix for the toxicity tests. Samples were maintained at 4 AE 1°C until used in assay. The tests were conducted according to the standard procedures; the toxicity (bioluminescence inhibition) was expressed as a percentage of calculate bioluminescence inhibition following the procedures outlined in the Microtox System Operating Manual (Genovese et al. 2014) . 
Bacterial abundance
The bacterial abundance was measured only for seawater samples by direct counting under epifluorescence as previously reported (Porter and Feig 1980; Catania et al. 2015) . Volumes of seawater samples were fixed with formaldehyde (2% v/v) then filtered on polycarbonate black filters (0Á2 lm). The filters were stained with 4,6-diamidino-2-phenylindole (DAPI; Sigma Aldrich S.R.L., Milan, Italy). Slides were examined under a Zeiss Axioplan 2 Imaging epifluorescence microscope (Zeiss; Carl Zeiss Inc., Thornwood, NY). Results were expressed as number of cells per millilitre of seawater (Cappello et al. 2007) .
DNA extraction
A volume of 100 ml of collected seawater from different sampling stations was filtered on 0Á2 lm filter (Millipore, Milan, Italy). Then filters were used for extraction of total DNA using the MasterPure TM complete DNA and RNA purification kit (Epicentre, Madison, WI). Total DNA was extracted from marine sediment samples using the FastDNA TM SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA), according to the supplier's specifications as described previously (Catania et al. 2015) . The concentration and purity of total DNA extracted from samples were determined using NanoDROP ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). DNAs were stored at À20°C until further analysis.
Denaturing gradient gel electrophoresis analysis
The variable region V3 corresponding to positions 341-534 in the Escherichia coli 16S rRNA sequence was amplified by PCR from total genomic DNA using primers 341f-GC and 534r (Muyzer et al. 1993) as described in Catania et al. (2016) . DGGE profiles were visually analysed and the relative position of each band was recorded in a resulting 0-1 matrix that was put into the PAST software package and analysed using multivariate cluster analysis based on Jaccard dissimilarity. Some dominant DGGE bands were excised with a sterile pipette tip and resuspended overnight in 20 ll DNA/RNA free water (GIBCO, Milano, Italy) at 4°C and then frozen at À20°C. Sediment and seawater samples from station 5 are missed due to technical problems.
Enrichment and isolation of aerobic hydrocarbondegrading bacteria
To isolate autochthonous hydrocarbon-degrading bacteria and to investigate their degradation potential, enrichment cultures were set up. Aliquots of sediment and seawater were transferred to sterile flasks containing 100 ml of ONR7a supplemented respectively with 0Á1% (v/v) crude oil, n-alkane mixture (C 14 +C 16 +C 18 , 1 : 1 : 1) or a mixture of benzene/toluene/xylene (1 : 1 : 1). Cultures were incubated at 25°C with shaking for 10 days. Then aliquots were removed and placed in fresh medium ONR7a containing the same concentration of hydrocarbons and incubated under the same conditions. Subcultures were spread onto plates containing solid ONR7a medium with same hydrocarbons supplied on sterile filter paper on the lid of the Petri dish with the same concentrations as mentioned previously. Plates were incubated at 25°C. Phenotypically different colonies obtained from plates were purified and transferred to fresh liquid medium. Only isolates exhibiting pronounced growth on crude oil and/or other hydrocarbons were stored in 20% glycerol solution at À20°C for further characterization (Hassanshahian et al. 2012; Catania et al. 2016) .
Taxonomical analysis of 16S rRNA genes and sequencing
Molecular characterization of isolates was based on 16S ribosomal RNA (rRNA) gene sequence analysis. The bacterial DNA was extracted using colony PCR method (China et al. 1996) . PCR amplification of the 16S rRNA gene was performed using the domain-specific forward primer Bac27_F (AGAGTTTGATCCTGGCTAG) and the universal reverse primer Uni_1492R (TACGYTACCTTGTTAC GACTT) (Lane 1991) . The amplification reaction was carried out in a total volume of 30 ll consisting of 1 ll DNA (between 10 and 100 ng), 0Á2 lmol l À1 of each forward and reverse primer, 0Á2 mmol l À1 dNTPs, 19 reaction buffer and 0Á5 U of Taq DNA polymerase (Qiagen, Milano, Italy). PCR was carried out in a Mastercycler Gradient (Eppendorf, Hamburg, Germany) using the following cycles programme: one cycle at 94°C for 30 s; 30 cycles of (94°C for 30 s, 50°C for 60 s and 68°C for 30 s) and a final extension cycle at 68°C for 5 min. PCR amplicons were analysed in 1% agarose gel electrophoresis. The expected amplicon size was around 1450 bp. The amplified 16S rDNA fragments were sequenced using Macrogen Europe Service (Amsterdam, The Netherlands). The sequences were analysed using the BLAST tool of the National Centre for Biotechnology Information website (www.ncbi.nlm.nih.gov/BLAST/) (Altschul et al. 1990 ). 16S rRNA sequences were deposited in Genbank under accession number from MH425630 to MH425652.
Hydrocarbon utilization profile and degradation abilities
To determine the use of different hydrocarbons as carbon source by the bacterial strains, each strain was inoculated in sterile tubes containing ONR7a liquid medium supplemented respectively with 1% (v/v) of crude oil, nhexadecane (C 16 ), n-hexacosane (C 26 ), n-octacosane (C 28 ), benzene, toluene and xylene as sole carbon and energy source. As a control hydrocarbon-free medium was used and a control was set up for each trial. Growth was evaluated after 1 week of incubation at 30 AE 1°C by measuring the turbidity (OD at 600 nm) using a spectrophotometer. The degradation ability of selected strains was evaluated in culture medium ONR7a supplemented with crude oil. Starter cultures were prepared by inoculating a single colony into ONR7a medium supplemented with 1% (v/v) sterile hexadecane as the sole carbon source. After 1 week of incubation at 30 AE 1°C in a rotary shaker, cells were centrifuged at 9000 g for 10 min. The pellet was then resuspended in sterile medium to an OD (600 nm) of 0Á1 and used as inoculum for the biodegradation experiment. Using 100 ml flasks, 1 ml of the suspension was inoculated into 30 ml of ONR7a supplemented with 30 ll filter-sterilized crude oil. A flask without any inoculum was used as an abiotic control. All flasks were incubated in a rotary shaker at 30°C for 1 week. Residual hydrocarbons were extracted using a continuous liquid-liquid extraction technique, and analysed by high-resolution GC-FID following the 3510 EPA (Environmental Protection Agency). After acidification of the samples, dichloromethane (CH 2 Cl 2 , Sigma-Aldrich, Milan, Italy; 10% v/v) was added to the culture flask and homogenized on a shaking table at room temperature. The procedure was repeated three times, and the solvent phase was combined and dehydrated with anhydrous sodium sulphate (Na 2 SO 4 , Sigma-Aldrich). The extracts were concentrated by rotary evaporation (Rotavapor model R110; B€ uchi Labortechnik AG, Flawil, Switzerland) at room temperature. All measurements were performed using a DANI Master GC Fast Gas Chromatograph System (DANI Instruments S.p.A., Milan, Italy) equipped with a split/splitless SSL injector and FID detector (EPA 1996; Gentile et al. 2016) .
Detection of catabolic genes in selected bacteria
In order to detect the catabolic genes involved in biodegradation pathways of hydrocarbons, PCR amplification of monooxygenase genes fragments was performed. The fragment of the terminal hydroxylase component of xylene monooxygenase encoded by the xylM gene, and the electron transfer component of the xylene monooxygenase encoded by the xylA gene was amplified using primer sets TOL-F/TOL-R and XYLA-F/XYLA-R respectively as described by (Hendrickx et al. 2006) . A fragment of the alkane monooxygenase gene alkB was amplified by PCR. The amplification was carried out by using the primers set alkB-1f and alkB-1r (Kloos et al. 2006 ) in a total volume of 30 ll containing: 1 ll DNA, 0Á5 lmol l À1 of each forward and reverse primer, 0Á2 mmol l À1 dNTPs, 19 phire reaction buffer and 0Á6 ll of Phire Hot Start II DNA Polymerase (Thermo Scientific). The PCR conditions used were as follows: an initial denaturation at 98°C for 30 s, followed by 35 cycles of (98°C for 15 s, 55°C for 15 s, 72°C for 10 s) and a final extension at 72°C for 1 min. All amplicons were visualized on 1% agarose gel.
Biosurfactant production and emulsification test
Two distinct methods were used for the screening of the biosurfactant production by isolates: (i) the drop collapse test and (ii) the oil spreading method. The drop collapse test was performed by adding 7 ll of crude oil into each well of a 96-well microtitre plate lid. The lid was equilibrated for 1 h at room temperature, and then 20 ll of the culture was added to the surface of oil. After 1 min of incubation, the shape of the drop on the surface of the oil was observed. If the drop collapses, it indicates the presence of surfactant (positive result), if it remains beaded, it indicates the absence of surfactant (negative response). Sodium dodecyl sulphate with the sterile distilled water was used as positive and negative control respectively (Bodour and Miller-Maier 1998; Mahjoubi et al. 2013 ). In the oil spreading method, 20 ml of distilled water was added to an empty Petri dish (90 mm), and 10 ll of crude oil was added to the surface of water to form a thin layer of hydrocarbons on the surface. The following step was to apply 10 ll of bacterial culture on the oil surface. The diameter of clear zone around the bacterial suspension was measured as the activity of surfactants (Cappello et al. 2016) . The emulsification index (E24) of different bacterial culture was determined by adding 2 ml of hexadecane to the same amount of bacterial culture. The mixture was vigorously mixed (vortex) for 2 min. The mixture could stand for 24 h prior to measurement. The emulsification activity was calculated as a percentage of the height of the emulsified layer divided by the total height of the liquid column (Hassanshahian et al. 2012).
Results
Toxicity assay
The bioluminescence inhibition assay (Microtox) based on the Gram-negative bacterium V. fisheri was used to establish the toxicity level of the polluted marine sediment. The data revealed that all samples inhibited the bioluminescence of V. fisheri more than 20% and their toxicity is considered as acute. The bioluminescence inhibition varied between 34Á5 and 47Á8%. As reported in Table 1 , sample from station 3 (S3) represented the highest percentage of bioluminescence inhibition and the most acute toxicity.
Bacterial community abundance
Measures of microbial abundance (DAPI count) from seawater samples showed that total cells varied between 4Á62 9 10 4 and 4Á14 9 10 5 cells ml À1 detected in station 1 (S1) and in station 3 (S3) respectively (Fig. 2) .
Bacterial diversity of sediment and water samples
In order to characterize the bacterial diversity in seawater and sediment samples collected from Sidi Fredj Port, DGGE culture-independent technique was performed. About 7-31 discernible bands were observed for each sample with variable intensities. Some bands were specific to a given site, whereas other bands were shown to be common to more than one sample (Fig. 3) . Diversity indices calculated for each DGGE profile were in general higher and more variable in water than in sediment samples. Water from station S3 showed the highest Chao's diversity index (496) as calculated by the PAST software, while sediment from station S4 showed the lowest one (28) ( Table 2 ). The average Chao's index in seawater was 382. The dendrogram applied to the DGGE profiles, clustered sediment and seawater on two different branches. Inside each of the two branches, profiles from station S2 and S3 clustered together. The banding pattern of sediment from station S4 was on a different branch, indicating a totally different bacterial community.
Isolation and identification of bacterial strains
A total of 119 bacterial strains were isolated from seawater and sediment samples by enrichment cultures on mineral medium (ONR7a) supplemented with crude oil (54 isolates), n-alkanes mixture (51 isolates) and aromatic hydrocarbons (11 isolates) as sole carbon and energy source. Based on colony morphology and growth rate on crude oil, 23 isolates were selected, 16 from seawater samples and 7 from sediment samples for further identification and characterization. The molecular identification was performed by 16S-rDNA analysis and the results are shown in Table 3 . Sequence similarity search in NCBI Genbank and RDP database showed affiliation of the selected strains to three bacterial phyla: Proteobacteria (19 isolates), Actinobacteria (three isolates) and Bacteroidetes (one isolate). Proteobacteria was composed of Alpha and Gamma subdivisions; Strains belonging to this phylum were detected as the key degraders of petroleum hydrocarbons (Gao et al. 2015) . Gammaproteobacteria with its four genera Alcanivorax, Marinobacter, Pseudomonas and Halomonas represented nearly 74% of the total isolated strains. In our experimental conditions, and from all sampling station, Alcanivorax was the most frequently isolated (nine isolates) and was represented by three species: Alcanivorax borkumensis, Alcanivorax xenomutans and Alcanivorax dieselolei, followed by Marinobacter (five isolates) which was represented by three genera Marinobacter zhanjiangensis (99% sequence id), Marinobacter hydrocarbonoclasticus (99% sequence id) and Marinobacter nitratireducens (99% sequence id). In this study, Alphaproteobacteria is represented by two isolates identified as Erythrobacter and Labrenzia. Lastly, the Bacteroidetes group was represented by only one isolate belonging to Xanthomarina gelatinilytica (Flavobacteriaceae, 100% of sequence identity).
Hydrocarbon utilization profiles
The ability of isolates to use diverse hydrocarbons as substrate was tested by adding 1% v/v of different hydrocarbon sources (Crude oil, n-hexadecane, n-hexacosane, n-octacosane, benzene, toluene and xylene) to mineral medium (ONR7a), to which isolates have been inoculated. The results (Table 4) showed that all strains grew on crude oil and n-hexadecane as carbon source with diverse yields, except to strain PSF-16Sw that was able to grow only on crude oil and benzene. Ten isolates were able to grow on all aliphatic hydrocarbons tested (nhexadecane, n-hexacosane and n-octacosane); however, none of them grew on medium amended with aromatic hydrocarbons. These isolates are affiliated to Alcanivorax (PSF-3Sw, PSF-12Sw, PSF-30Sw, PSF-18S, PSF-54S, and PSF-84S), Marinobacter (PSF-15Sw, PSF-26Sw), Gordonia (PSF-6S) and Brevibacterium (PSF-5Sw). These strains are well known as alkanes degraders. Xanthomarina gelatinilytica (PSF-8Sw) showed rich growth using n-hexadecane as sole carbon and energy source. Only five isolates were able to grow on both aliphatic and aromatic hydrocarbons namely: Erythrobacter citreus (PSF-14Sw), M. hydrocarbonoclasticus (PSF-31S), Pseudomonas oceani (PSF35Sw) and M. nitratireducens (PSF-43Sw, PSF-42S).
Crude oil removal by the Algerian isolates
According to data obtained from hydrocarbon utilization profiles and molecular identification, 14 isolates were selected and screened for their ability to degrade crude oil. The oil-degrading capacity of selected strains was evaluated by incubation experiments using 1% of crude oil as carbon source in mineral medium (ONR7a). After 1 week of incubation, the residual crude oil was extracted and analysed by GC-FID as previously described. The percentage of degradation by isolates was calculated from the difference between total hydrocarbon loss in inoculated medium and abiotic loss in sterile medium (Fig. 4) . Among the 14 strains tested, M. hydrocarbonoclasticus (PSF-31S) exhibited the highest biodegradation rate with 61% of crude oil removed after 1 week of incubation, followed by A. xenomutans (PSF-30Sw) with 57%, while the Alphaproteobacterium E. citreus (PSF-14Sw) degraded 49% of crude oil. These strains showed the highest rate of degradation of both aliphatic and aromatic fractions compared to other strains tested. Strains PSF-21Sw and PSF-35Sw both related to Pseudomonas and PSF-43Sw related to M. nitratireducens showed an obvious rate of degradation of alkanes with 40% degraded (data not showed). With only 8 and 12% of crude oil degraded, strains PSF-13Sw (Halomonas venusta) and PSF-16Sw (Labrenzia aggregata) were the least degraders among the Proteobacteria. Gordonia hongkongensis (PSF-14Sw) with 39% of crude oil degraded was the most performing among the group of Actinobacteria. Xanthomarina gelatinilytica, the only isolate belonging to Bacteroidetes, degrades 17% of crude oil after 1 week of incubation.
Identification of catabolic genes
Strains able to grow on n-alkanes were subsequently inspected for the presence of the catabolic genes alkB by PCR (Table 4 ) and sequencing (Table 5 ). Strains 
containing alkB included those affiliated to Alcanivorax, Marinobacter, Gordonia, Pseudomonas and Brevibacterium. At least one isolate from each genus was selected for sequencing (Table 5 ). Nucleotide sequence of alkB revealed that identity of the amplified fragments was coherent with the 16S-based identification for Alcanivorax, Marinobacter and Gordonia at genus level, while the alkB gene belonging to Brevibacterium showed 99% nucleotide sequence identity with Dietzia sp. alkB gene. In contrast, alkB could not be detected in isolates related to Halomonas, Xanthomarina, Erythrobacter and Micrococcus although they were able to grow on n-alkanes. Strains that were able to grow on aromatic hydrocarbons (PSF14Sw, PSF-16Sw, PSF-31S, PSF-35Sw and PSF-43Sw) were examined for the presence of xylene monooxygenase gene by PCR. A PCR product was obtained only for strain PSF-43Sw with primers XYLA-F/XYLA-R. The PSF-43Sw xylA nucleotide sequence is identical to that of Marinobacter sp. which confirms the results obtained by 16S and alkB sequencing for this isolate.
Biosurfactant production and emulsification activity
In this study, we tested the production of biosurfactant by different methods: the drop collapse test, the oil spreading test and the emulsification index E24 were performed for each strain. The results are shown in Table 4 . Among the 23 strains screened, 16 (69Á6%) strains were positive for drop collapse activity. All these strains are related to genus Alcanivorax and Marinobacter; one strain is related to Erythrobacter and one strain to Brevibacterium. Diameter of clearing on the oil surface varied between 2 and 6 mm. The highly producer species that showed 6 mm in the oil spreading test are PSF-31S and PSF-12Sw related to M. hydrocarbonoclasticus and A. borkumensis respectively. Oil spreading assay results were in corroboration with those obtained by drop collapse assay. Strains found with positive drop collapse results represented the highest diameter of clearing zone. Except for strain PSF-23S related to Micrococcus yunnanensis that was positive for drop collapse activity but showed the lowest size of clearing zone (2 mm). Emulsification index (E24) determines the productivity of bioemulsifier and is given as a percentage of the height of the emulsified layer divided by the total height of the liquid column. The major parts of organisms screened were found to produce biosurfactant by their ability to emulsify hexadecane. In the subclass of Alphaproteobacteria, E. citreus (strain SF-14Sw) exhibited the highest emulsification index with 49% of activity, while A. borkumensis (Strain PSF-12Sw) proved to be the most active strain among the fraction Gammaproteobacteria with 52% of the emulsification. No emulsification activity was observed for X. gelatinilytica (PSF-8Sw). Emulsification activity was also shown to be important (40%) for the Gram-positive bacteria Brevibacterium celere (PSF-5Sw), which demonstrated also a positive result for the drop collapse test. The A C P S F -5 s w P S F -6 s P S F -2 3 s P S F -8 s w P S F -1 4 s w P S F -1 6 s w P S F -1 2 s w P S F -3 0 s w P S F -1 3 s w P S F -1 5 s w P S F -3 1 s P S F -4 3 s w P S F -3 5 s w P S F -2 1 s w % of remaining crude oil Figure 4 Degradation capability of the bacteria expressed as percentage of oil remaining after cultivation in ONR7a with 0Á1% of crude oil (30 AE 1°C for 1 week on rotator shaker, 180 g). AC: abiotic control. The names of the isolates are reported in Table 4 . results obtained by the three methods reveal a correlation between biosurfactant production and emulsifying activity.
Discussion
Crude oil contamination of ecosystems is a global environmental problem which oil-producing countries face due to crude oil exploitation, refining, transportation, storage as well as accidents. Numerous efforts have been made to isolate indigenous oil-degrading bacteria in contaminated sediment and seawater in the Mediterranean Sea especially in the northern side, while the southern side remains poorly studied. Algeria is one of the top three oil producers in Africa and its coasts have been heavily contaminated over the past years, threatening local ecosystems and human health. This study aims to discern for the first time the intrinsic bioremediation potential of a contaminated area (Sidi Fredj port) located along the centre coast of Algeria (South Mediterranean Sea) Analysis of sediment samples from Sidi Fredj Port, by the bioluminescence inhibition assay revealed that all sediment samples represented an acute toxicity. Sediment from Station 3 was the most toxic. This may be due to the presence of a fuel pump near station 3. There is a significant association between acute toxicity and the degree of contamination with hydrocarbons (Schiewe et al. 1985) . The bacterial diversity in seawater and sediment samples collected from Sidi Fredj Port was performed by the culture-independent technique DGGE. Results showed that there is a higher diversity and variability in seawater samples than in sediment samples (Catania et al. 2015) . At the same time, seawater samples revealed higher diversity of culturable hydrocarbon-degrading bacteria. The most diverse seawater sample hosted higher total bacterial diversity, higher abundance of bacteria and the highest degree of bioluminescence inhibition from sediment samples of the same station.
The intrinsic biodegradability of the hydrocarbons and the distribution in the environment of competent degrading micro-organisms are crucial information for the implementation of bioremediation processes. In the present study, the search for micro-organisms with the potential to use petroleum hydrocarbons was based on their ability to grow in mineral medium containing hydrocarbons as the only source of carbon and energy. The hydrocarbon-degrading strains belonged to different genera previously reported as oil-degrading species. Proteobacteria group represented nearly 83% of isolated strains followed by Actinobacteria (13%) and Bacteroidetes (4%). Proteobacteria group is commonly found in microbial communities exposed to hydrocarbon pollution (McKew et al. 2007) . Among the 23 strains selected, Alcanivorax and Marinobacter were the most frequently isolated. Bacteria closely related to Alcanivorax became dominant in petroleum-contaminated seawater and are considered as major actors in the bioremediation of oilcontaminated marine environments (Kasai et al. 2002; Catania et al. 2015) . These marine bacteria are well known to use petroleum hydrocarbons as carbon and energy source, and have been employed for bioremediation in polluted marine and coastal systems (Cappello and Yakimov 2010) . The dominance of these two genera was also observed in the contaminated sediment of Dalian Xingang Port (China) indicating the quick response of Alcanivorax and Marinobacter to the hydrocarbons (Chen et al. 2017) . Alcanivorax can use alkanes as a sole carbon source , and there is evidence demonstrating that Marinobacter is responsible for the degradation of benzene, toluene, ethylbenzene, xylene (BTEX) (Vila et al. 2010 ). Alkanes are the major constituents of crude oil and the excellent ability of Alcanivorax to degrade branched alkanes is one of the factors that allow this strain to predominate in oil-contaminated seawater (Hara et al. 2003) . Hydrocarbonoclastic bacteria such as Alcanivorax and Marinobacter are well known for their ability to degrade hydrocarbons alone with a high rate (Cappello et al. 2016 ) but a single species can metabolize only a limited range of hydrocarbon substrates because it does not have all the enzymatic machinery to degrade a pollutant until its complete mineralization (Mahjoubi et al. 2013) . For this reason, a consortium of many different bacterial species, with broad enzymatic capacities, is usually involved in oil degradation (R€ oling et al. 2002; De Pasquale et al. 2012) . The presence of Alcanivorax and Marinobacter in natural environments or enrichment by laboratory is generally combined with the presence of other bacterial strains (Santisi et al. 2015) . In this survey, other genera such as Pseudomonas, Erythrobacter, Gordonia, Halomonas and Labrenzia were isolated. These strains cannot be classified as hydrocarbonoclastic bacteria but are generalist hydrocarbon degraders. Erythrobacter and Labrenzia were determined as degraders of aromatic hydrocarbons (AlAwadhi et al. 2012; Gao et al. 2015) , while Gordonia is frequently reported to utilize aliphatic or aromatic compounds as growth substrate (Goodfellow and Maldonado 2006; Lo Piccolo et al. 2011) .
Other Gram-positive strains belonging to micrococcaceae and brevibacteriaceae were isolated and are often described in the literature as being isolated from hydrocarbon-contaminated environments (Chaillan et al. 2004; Malik and Ahmed 2012) . Even if the role of Gram-positive bacteria in hydrocarbon biodegradation is less known, these organisms proved to be potential candidates for biotechnological applications (Das and Chandran 2011) . Interestingly, one isolate was reported for the first time from oil-contaminated areas; this strain is related to X. gelatinilytica. This Bacteroidetes was first time isolated from seawater collected from India (Vaidya et al. 2015) but has never been isolated from the Mediterranean Sea nor hydrocarbon-contaminated environments. This strain is closely related to the genus Bizionia that was found coexisting with Alcanivorax and Marinobacter isolated from contaminated sediment samples (Chen et al. 2017) .
Hydrocarbon-degrading bacteria were isolated from a contaminated site in Tunisia and the dominant bacterial group was also Proteobacteria but belonging to different genera such as Acinetobacter and Stenotrophomons (Mahjoubi et al. 2013) . Our results were similar to those obtained by Tapilatu et al. (2010) who isolated hydrocarbon-degrading bacteria from marine sediment from the French coast (North western Mediterranean), and found that the majority of isolates belonged to Alcanivorax. In the same study, alkane-degrading bacteria belonging to the genera Pseudomonas and Marinobacter were also isolated. Catania et al. (2015) studied the diversity of culturable hydrocarbon-degrading bacteria in Priolo bay (Ionian Sea, Central Mediterranean) and found that they were affiliated mainly to genera of obligate hydrocarbonoclastic bacteria (Alcanivorax) and/or to generalist hydrocarbon degraders (Thalassospira, Oleibacter, Vibrio, Marinobacter, Rhodococcus, Pseudomonas) and that most sediment and water samples were dominated by bacteria related to Alcanivorax and Marinobacter genera. Our results of microbial isolation and identification corroborated literature data about the presence of aerobic bacteria in petroleum-contaminated seawater and sediment samples support the hypothesis that these bacteria might play a role in oil biodegradation processes in situ.
Biosurfactants are a heterogeneous group of surfaceactive compounds produced by a wide variety of microorganisms. Surfactants enhance solubilization and removal of contaminants (Batista et al. 2006) . The action mechanism of biosurfactants lies in their accumulation at the interface of immiscible compound, reducing the surface tension and thereby increasing their surface area; this leads to a higher bioavailability that eases the degradation of pollutants. Our results showed that there is a positive correlation between biosurfactant production and emulsification activity. Isolates affiliated to Alcanivorax, Marinobacter and Erythrobacter were the most efficient; at the same time they represented the highest rates of crude oil degradation (more than 50% of crude oil degraded). A relationship between the levels of biosurfactant production and crude oil biodegradation was observed (Hassanshahian et al. 2012) . Strains producing high levels of biosurfactant can better degrade crude oil, indicating that the production of extracellular biosurfactants may be one of the underlying mechanisms implemented by the isolates for crude oil metabolization (Banat et al. 2010) . But this suggestion was not applicable for all studied strains. Indeed, Gordonia was able to degrade 40% of crude oil after 1 week of incubation but was not efficient in biosurfactant production. A different mechanism of direct contact to the n-alkanes by cell adherence has been described for the Corynebacterium/ Mycobacterium/Nocardia complex to which Gordonia belongs (Lo Piccolo et al. 2011) .
In this investigation, we also studied the capacity of selected strains to grow in the presence of various aliphatic and aromatic hydrocarbons as the sole carbon and energy source. It was noted that most of strains tested were able to metabolize aliphatic hydrocarbons, while the aromatic fraction was metabolized by only five strains. Aromatic hydrocarbons are more resistant against biodegradation than aliphatic compounds; they often cause serious problems during bioremediation (Rajaei et al. 2013) . Some strains were able to grow on both fractions.
It is uncommon to find micro-organisms having the capacity to degrade both aliphatic and aromatic compounds. The degradation of the two types of hydrocarbons requires different metabolic pathways (M'rassi et al. 2015) . Monooxygenase genes have been used as functional biomarkers for the characterization of aerobic degrading bacterial populations in environmental samples and in bioremediation experiments (Van Beilen et al. 2003) . The specific primers of alkB, tol, xylA genes and catabolic genes involved in hydrocarbon degradation were used to detect the catabolic pathways of bacterial isolates. The PCR amplification trials revealed the presence of alkB gene in several bacterial strains. The xylA gene involved in the aromatic hydrocarbon degradation pathway (BTEX degradation) was found in only one bacterial isolate (PSF-43Sw). Strain PSF-43Sw related to M. nitratireducens possesses both aliphatic and aromatic catabolic pathways, which confirms the ability of this strain to metabolize both alkanes and aromatic hydrocarbons as revealed also by the hydrocarbon utilization profile analysis. Some isolates growing in the presence of crude oil gave no amplification product implying the existence of other biodegradation pathways or highly divergent gene sequences that suggest they probably harbour other hydrocarbon-degrading genes (as AlmA, P450. . .) (M'rassi et al. 2015) .
The results obtained in this work demonstrate the diversity of hydrocarbon-degrading bacteria from marinecontaminated area in Algeria, and their variable biodegradation abilities.
Knowledge of biodegradation potential and studies of the biodegrading microbial communities associated with contaminated seawater and sediment is the prerequisite for future bioremediation applications to the Algerian coasts. The collection of Algerian hydrocarbon biodegraders obtained in this study could be exploited for biotechnological applications also integrated into newly designed, ready to use, biodegradable scaffold-bacteria systems (Scaffaro et al. 2017) .
